include its relatively simple method and the facility to measure the fracture toughness by using beam theory [10, 11] . DCB tests of steel and fiber-reinforced plastic (FRP) adherends bonded with adhesives (e.g., polyurethane, epoxy, silicone, phenol-formaldehyde, and methacrylate) have been conducted to measure fracture toughness [12] [13] [14] [15] .
A few detailed reports have been made about the fracture behavior of adherends bonded with acrylic-based adhesive under Mode I loading [16] [17] [18] . These describe the effects of surface treatments on Mode I fracture energy using FRP and aluminum alloy adherends bonded with a toughened acrylic adhesive. The results show that fracture toughness is enhanced by applying surface treatments such as grit blast and γ-methac ryloxypropyltrimethoxysilane (γ-MPS). Adherends also need to be considered not only to determine the designs of structures but also to deal with various materials such as metal/metal, thermoset, and thermoplastic matrices.
The purpose of this study is to measure fracture toughness by means of DCB tests on aluminum alloy, glass/polypropylene, and carbon/epoxy adherends bonded with an acrylic-based adhesive. The fracture behaviors of the specimens are also discussed.
Experimental procedures

Materials
An aluminum alloy (5052-H34, average thickness = 3.0 mm), a GF/PP matrix composite (Tepex dynalite 104-RG600(6)/47 %, average thickness = 3.0 mm, produced by Bond Laminates, Germany), and a CF/EP matrix composite (F6343B-05P (0/90) 14 , average thickness = 3.3 mm, produced by Toray Industries Inc., Japan) were used for the adherends. A two-part acrylic-based adhesive (3 M ™ Scotch-Weld ™ Structural Plastic Adhesive DP8005, Japan) was used to bond the adherends. The advantages of this adhesive include its ability to bond adherends and polyolefins and its good resistance to water, humidity, and chemicals; moreover, it does not require pretreatment of the adherends and is a solvent-free adhesive system.
Specimen preparation
The shape and dimensions of the DCB specimen are shown in Fig. 1 , based on ASTM D5528 [19] . A sandblast treatment was applied to the surfaces of the adherends, after which they were cleaned with acetone. A high-performance fluoropolymer-release film (WL5200, 0.001 in × 60 in × 600 ft, produced by Airtech International Inc., USA) with thickness of 25 μm was used to create an initial crack. The DCB specimens were manufactured using a compression forming machine (high-pressure jack J-15, produced by the AS ONE Corporation, Japan) at room temperature for 20 h. The set pressure was 5 MPa. The bond-line thickness was measured using a micrometer (0.001 mm, MDC-25 MJ, produced by the Mitutoyo Corporation, Japan). The differences between the total and adherend thicknesses of each specimen were measured at eight different positions between 70 and 160 mm. Table 1 lists the measured values of the bond-line thicknesses of the DCB specimens. It has been reported that the critical value of the strain energy release rate is approximately constant between bond-line thicknesses of 0.102 and 0.254 mm [20] . An edge surface of the specimen was coated with white spray to highlight the crack tip. Perpendicular lines were drawn at 10 mm intervals on the edge of the DCB specimens.
DCB tests
The DCB tests were conducted based on ASTM D3433 [21] using a tensile test machine (Compact Table- Top Universal/Tensile Tester, EZ-S, produced by the Shimadzu Corporation, Japan) at a crosshead speed of 0.5 mm/min. The crack length was measured through a microscope (VH-ZST Swing-head Zoom Lens, VHX-5000 Digital Microscope, produced by the Keyence Corporation, Japan). To introduce an artificial crack, the DCB specimens were loaded until the crack length reached approximately 70 mm, at which point the load was removed. This initial load-displacement curve was not used to measure the crack extension resistance. The numbers of specimens that were tested were three, four, and three for aluminum alloy, GF/PP, and CF/EP, respectively. Figure 2 shows a schematic representation of the DCB test method. A DCB specimen was loaded until its crack grew to a length of approximately 10 mm (points A-B). The load applied to the specimen was linearly proportional to the displacement and the crack did not grow during this period. The crack began to propagate gradually when inelastic load-displacement behavior was observed (points B-C). After the load reached its maximum value (point C), it decreased gradually with increasing displacement until the crack had propagated approximately 10 mm (points C-D). The test was paused for 5 min to rest the crack propagation (points D-E), and then, the crack length was measured (point E). The specimen was unloaded to 5 N and then re-loaded (points E-F-E). A series of such DCB tests were carried out until the crack length reached approximately 160 mm.
Macroscopic and microscopic methods of fracture-surface observation
A digital camera (IXY Digital 70, produced by Canon Inc., Japan) was used for macroscopic analysis of the entire area of each fracture surface. A microscope (see "DCB tests" 
Results and discussion
Load-displacement curves and maximum load versus crack length Figure 3 shows typical load-displacement (P-δ) curves for the DCB tests. The GF/PP specimens showed the largest displacements in comparison with the aluminum alloy and CF/EP ones. The experimentally measured maximum load was observed to decrease for all specimens in the displacement range of 15-100 mm.
Fracture toughness
Irwin and Kies investigated the crack extension resistance (energy release rate) [22] , which can be expressed as where b is the specimen width and a is the crack length. The fracture toughness (G IC ) is defined as the maximum crack extension resistance (G m ) [23] . The term C is the compliance of the specimen, expressed as The compliance is measured by an appropriate polynomial function, where A 1 , A 2 , and A 3 are experimentally determined constants of the specimen.The compliance can also be measured using classical beam theory. In a double cantilever beam, the compliance [24] can be expressed as where E is the modulus of elasticity and I is the moment of inertia of the cross section, given by where h is the thickness. The moduli of elasticity for the aluminum alloy, GF/PP, and CF/ EP specimens were taken as 70, 20, and 50 GPa, respectively.
Experimental results for the dependence of the compliance on the crack length are plotted in Fig. 4 . It was observed that the GF/PP specimens had the highest dependence, whereas the aluminum alloy ones had the lowest. The theoretical constants for the aluminum alloy, GF/PP, and CF/EP specimens were 1.591E-7, 6.902E-7, and 2.250E-7, respectively. The values of these constants are comparable with the experimental values of A 1 . GF/PP: 3.071E-07a +3.544E-5a -2.283E-3a
Aluminum alloy: 1.417E-7a -2.076E-6a +1.852E-4a Figure 5 shows the typical 'R-curve' (i.e., the curve of crack extension resistance versus crack length) behaviors for the aluminum alloy, GF/PP, and CF/EP specimens. The difference G m −G i indicates the difference between the maximum and initiation fracture toughness, while a i , a m , and a r represent the crack lengths at initiation, maximum, and rest-state fracture toughness, respectively. Aluminum alloy showed a relatively long steady-state crack propagation length. On the other hand, GF/PP and CF/EP specimens were observed to have not only short steady-state crack propagation lengths but also sharp decreases after their maximum values. The R-curve results for the DCB specimens are summarized in Table 2 . The rest-state fracture toughness of each specimen was approximately the same as its initiation fracture toughness. The relatively low values of G m −G i for aluminum alloy, as well as its relatively long crack propagation lengths (a m −a i ), support a larger inelastic deformation in the R-curve in comparison with the GF/PP and CF/EP specimens. There was no great distinction between the total crack propagation lengths (a r −a i ) of the aluminum alloy, GF/PP, and CF/EP specimens. Figure 6 shows the values of fracture toughness G IC (=G m ) for the DCB tests. The average values of G IC for the aluminum alloy, GF/PP, and CF/EP specimens were 1071, 1438, Table 2 Results of average initiation, rest state, and G m −G i fracture toughness and crack propagation length for the DCB tests
The relatively high standard deviation (SD) value for the crack propagation length of the GF/PP specimens was attributed to adherend failure involving weak bonding between the glass fibers and PP. Glass fibers present at various depths from the surface caused a variation in the crack propagation length (a m −a i ) because a crack will stop propagating when it reaches such obstacles , respectively.
Specimens
Fracture surface observation
Figure 7a-c show representative fracture surfaces of the aluminum alloy specimen. The images in Fig. 7a , b are enlarged views taken by the microscope. The image in Fig. 7c was taken by a digital camera. A relatively large amount of interfacial failure was observed between the aluminum alloy and the adhesive, as shown in Fig. 7a, c . In addition, partial cohesive failures also occurred, as shown in Fig. 7b . Schematic representations of the fracture behavior are given in Fig. 7d . The crack propagated either to the interface between the aluminum alloy and the adhesive or into the adhesive. The experiments carried out by Del Real et al. showed a cohesive failure of aluminum alloy specimens when a γ-MPS treatment was applied [18] . It is important to apply surface treatments to the aluminum alloy in order to yield a cohesive failure. According to our experimental results using CF/EP specimens, a possible candidate is a primer (e.g., epoxy-like) that has good adhesion properties for both aluminum alloy and acrylic adhesive.
Representative fracture surfaces for the GF/PP specimen are shown in Fig. 8a -c. The entire fracture surfaces of this specimen exhibited a plain-weave pattern, as shown in Fig. 8c . Fiber pull-out and silky glass fibers were clearly observed, as shown in Fig. 8a, b . Note that fractures of the GF/PP specimens occurred mainly between glass fibers and PP. This is because the adhesions between the glass fibers and PP are weaker than the bonding between the adhesive and PP. These fracture surfaces resemble a plain-weave glass/toughened vinyl ester laminate [25] . Observation reveals that the crack propagated to the adherend interface between the glass fibers and PP, as illustrated in Fig. 8d . Figure 9a -c show the fracture surfaces for the CF/EP specimen. Adhesive deformation was observed on the fracture surfaces of the entire area, as shown in Fig. 9c . Fiber bridging and fiber pull-out were not observed, as shown in Fig. 9a, b . Fractures of the CF/ EP specimens were cohesive failures because the fiber/epoxy and epoxy/adhesive were bonded strongly, as illustrated in Fig. 9d . The aluminum alloy specimens had the lowest fracture toughness because of a lack of bonding between the aluminum alloy and the adhesive. The highest fracture toughness was obtained from the CF/EP specimens. This is because the constituent materials (i.e., carbon fiber, epoxy, and adhesive) were bonded together well, as compared to the GF/PP specimens in which poorer bonding was observed between the glass fibers and PP. The results of the DCB tests under Mode I static loading showed a correlation between the fracture toughness and fracture morphology of the specimens, i.e., the values of fracture toughness (fracture morphology) can be ranked as aluminum alloy (interfacial) <GF/PP (adherends) <CF/EP (cohesive). 
Conclusions
DCB tests were conducted to measure fracture toughness in different types of adherends bonded with a two-part acrylic-based adhesive, i.e., aluminum alloy, GF/PP, and CF/EP. The values of fracture toughness for the aluminum alloy, GF/PP, and CF/EP specimens were 1071, 1438, and 1652 Jm , respectively. It was confirmed by investigating the fracture surfaces that the fractures of the aluminum alloy specimens occurred mainly between the aluminum alloy and the adhesive. Relatively poor bonding between the GFs and PP caused delamination of the adherends in the GF/PP specimens. The fracture surfaces of the CF/EP specimens were cohesive failures. It can be concluded that the fracture toughness of the specimens is closely related to the fracture morphology of 
